INTRODUCTION
Variable dark energy has been proposed by several authors to solve the problems with the cosmological constant, e.g., Wetterich (1988) , Ratra & Peebles (1988) . For a more complete list of references and a review of this topic cf. (Sahni 2005) . Since the cosmological constant is a physical link between micro and macro scales, two main questions remain to be answered.
First, if the source of the cosmological constant is to be explained within the theories of particle physics, why has it such a huge difference with the Planck energy scale? Secondly, what is the reason that the cosmological constant contributes to the energy density of the universe at the same order of magnitude as matter, but it has only quite recently become the dominant part of the universe, accelerating its expansion? As an attempt to solve these problems, one can consider a scalar field with a potential and kinetic term which cause the equation of state to behave as vacuum energy. The energy density of this field, called quintessence in the cosmological attractor solution follows the energy density of matter and radiation, but remains negligible until recent epochs, cf. (Caldwell, Dave and Steinhardt 1999) . Still there is no satisfactorily physical explanation for the observed values of the cosmological constant term in the Einstein equation and subsequently in the Friedmann equation. The quintessence models do not offer a fundamental explanation, instead a phenomenological approach to express our inability of understanding the nature of Λ in terms of a variable scalar field.
Our motivation for the present work is to see the possible effects of a variable dark energy on structure formation. We would like to know if it is possible to put constraints on the variability of the dark energy, regarding the structure formation process? For a recent review on the observational constraints on dark energy, cf. (Allen et al. 2004; Daly and Djorgovski 2003; Daly and Djorgovski 2004) .
We are not interested in the prediction of one specific model of quintessence. To see the more generic effect, we apply the simple phenomenological parametrization given by Wetterich (2004) . In this parametrization the effect of a variable dark energy content is expressed in three parameters. The first two parameters are the present dark energy density, Ω λ and Structure Formation in a set of parametrized Dark Energy models 3 the state parameter at the present time w 0 . The third parameter b is the bending parameter which expresses the change of the equation of state of dark energy with redshift:
In this parametrization b is related to the fraction of dark energy in the early universe and w(z, b) is the averaged equation of state parameter. Throughout this paper we use w 0 = −1, because we are mostly interested which effects the variability of the dark energy term has.
For this purpose we only use b as a variable parameter and assume that dark energy has the equation of state of the cosmological constant at the present time. Few examples of the behavior of w(z, b) are shown in Fig. 1 . It shows that the most changes of the equation of state w(z, b) takes place at low redshifts. The physical consequence of this behavior is that we should look for observational effects sensitive to the variation of b at low redshift. At high redshifts observations are more sensitive to the absolute value of dark energy equation of state. Also the equality redshift of matter and dark energy strongly depends on the choice of parameter b, as shown in Fig. 2 . The larger b is, the more dust-like is the behavior of the variable dark energy part in the early universe and also the earlier it becomes the dominant part of the universe.
There are several alternatives for the parametrization of w. One example is given by Frampton (2003) , which suggests a relation between the variability of w, (in their definition an exponential), to the dark energy and dark matter in the universe.
Observations of supernova type Ia (SNIa), (Riess et al. 2004) , have been used to put constraints on the change of the state parameter w. The variability of the state parameter has been expanded up to the first order w = w 0 + w ′ z. The best up to date sample of SNIa, the Gold sample with corrections for the systematic effects constraints w ′ loosely to w ′ = 2 ± 2, and is compatible with w 0 = −1 and w ′ = 0. In the linear expansion of the Wetterich parametrization, the first term is −w 0 bz, which means that the Super Nova data for w 0 = −1 put a weak constraint on b as b = 2 ± 2.
This paper is organized as follows. In section 2 we discuss the linear perturbation theory of cosmological structure formation applied to the case of a variable dark energy, considering the above parametrization. We assume that variable dark energy behaves as a smooth component, so that in our analysis the structure formation is only due to matter condensation, while the variable dark energy alters only the background cosmic evolution. We compute the evolution of the matter density contrast, the evolution of the growth factor and compare 
LINEAR NEWTONIAN STRUCTURE FORMATION WITH VARIABLE DARK ENERGY
In the linear approximation, the matter density contrast, δ = δρ ρ evolves as follows:
This equation holds also for the case of perturbations in collisionless cold dark matter, if we replace the sound velocity v s by the dispersion velocity σ s . The validity of this approach is restricted to perturbations on the subhorizon scales but large enough where structure formation is still in its linear phase (Padmanabhan 1993; Brandenberger 2004) . We also assume that the sound horizon of dark energy is much larger than the wavelength of the perturbations, so we do not need to consider the clustering of dark energy.
If the perturbation is larger than the Jeans length,
, then equation (2) 
The Hubble parameter for the universe composed of dark matter and dark energy is given by:
where
λ is at the present time. The numerical solution of equation (3) in the Friedmann universe with variable dark energy evolving as given in equation (4), is shown in Fig. 3 . In the matter dominated era, the density contrast δ grows linearly with the scale factor, while we have a deviation from a linear behavior, when dark energy begins to dominate. An earlier domination of dark energy occurs for larger b (see Fig. 2 ) which results in a lesser growth of the density contrast. The difference between the present value of the ΛCDM and the dark energy models is about 2.5% for b = 0.1 and 100% for b = 1.
In addition to the density contrast δ, we compute the growth factor of structure f , which is an important quantity for cosmology, especially for the interpretation of peculiar velocities of galaxies, as discussed in (Peebles 1980) for the Newtonian and (Mansouri and Rahvar 2002) for the relativistic regime of structure formation. In linear theory the growth factor is given by:
The physical meaning of the growth factor can be obtained by dividing the second term of equation (3) . This quantity has been calculated for models with a cosmological constant earlier (Lahav, Lilje, Primack, & Rees 1991) . The authors gave a fitting formula for the dependence of f on Ω m in case of a flat universe and find only a very weak dependence on the cosmological constant. Here we extend this analysis to models with a variable dark energy, including the bending parameter b. In agreement with Lahav et al. (1991) , we find that also in our case the dependence on b
is not significant at the present time. (1991) . At present time the growth factor shows mostly a dependence on the matter density of the universe Ω m . But the time evolution of the growth factor depends critically on the choice of the parameters Ω λ and b. Fig. 6 shows the time evolution of the growth factor, f for different pairs of (Ω m , Ω λ ), where the sensitivity to the bending parameter is examined.
The main effect is that increasing the bending parameter decreases the growth factor for all cases of open, closed and flat universe and results in a lower abundance of structure at the present time. As an example Fig. 5 shows this effect in the case of a flat universe.
In the case of a closed universe, the growth factor rises to a maximum and descends afterward.
This increasing of the growth factor is due to the dark energy that changes the sign of the acceleration from negative to positive. During the transition phase of the acceleration, the universe reaches its lowest expansion rate and the structures have an opportunity to grow shchik, Moschella and Pasquier 2001) models. In this Section, we examine the behavior of two simple phenomenological models of Phantom and Chaplygin gas of dark energy with respect to linear structure formation.
Phantom model
In this model an equation of state with w < −1 is considered. However, there are physically motivated objections to this assumption, i.e. the weak energy condition is violated and it has a characteristic future singularity, cf. (Hawking and Ellis 1973; Scherrer 2005) . We use the linear theory, as discussed in Section 2, to calculate the evolution of density contrast and growth factor for different values of w. As shown in Fig. 8 there is no dependence of the evolution of δ on w at high redshifts. At lower redshifts the density contrast becomes a few percent larger, if w is assigned a larger negative value. The same result is obtained for the growth factor. The latter shows that at large redshifts the behavior of the growth factor is very similar for different values of w. At intermediate redshifts z ≃ 2.0 the growth factor is more sensitive to the choice of w in this model. At low redshifts, the slope of the growth factor depends significantly on w. B is an integration constant. The Chaplygin gas interpolates between matter, ρ ∼ a −3 at high redshift and a cosmological constant behavior like ρ ∼ √ A when the scale factor becomes very large. In (Bean, Dore 2003) it has been shown that a Chaplygin gas model with A = 1 does have some disagreements with large scale structure observations. Here we repeat our approach from Section 2 and study the case of a universe, where dynamics has been changed by the presence of dark energy with the equation of state of a Chaplygin gas.
A clustering of the Chaplygin gas itself is not taken into account. the matter dominated models of Section 2, Fig. 4 lower panel, the growth factor remains flat almost over the whole range of the scale factor. This is due to fact that, in the this model,
Chaplygin gas behaves similar to matter at high redshifts. 
VARIABLE DARK ENERGY AND NONLINEAR STRUCTURE FORMATION IN THE SPHERICAL APPROXIMATION
A simple approximation for calculating the formation of cosmological objects is the spherical collapse model. In this model we consider an overdense (or an underdense) spherical region, i.e. a positive density perturbation δ > 0 (or δ < 0) with spherical symmetry. For large enough positive perturbations, this region becomes gravitationally unstable and grows to perturbations is able to stop the expansion, turn it around and finally make the particles collapse. This highly nonlinear process is usually modeled with a number of simplifying assumptions cf. (Padmanabhan 1993 ). Here we also apply this approximation to the case of a negative density perturbation δ < 0 and take into account a non constant dark energy term. For δ < 0 only the initial conditions are different and the dynamical growth of the spherical underdense region is governed by the same equation. Since in the underdense regions the probability of forming galaxies, in particular luminous galaxies is lower, (Gottlöber, Lokas, Klypin & Hoffman 2003) , these regions correspond to voids in the observed galaxy distribution.
We begin with the Friedmann equation with a quintessence term as given in equation (4). Until an initial time t i we assume the spherical region R i to grow with the same rate as the background universe.
where a i is the initial scale factor of the background. At the time t i we introduce an initial density perturbation δ i in the matter density Ω
i . As long as there is no shell crossing, the matter content inside a shell is constant. As in Section 2, we regard the effect of dark energy to be on much larger scales than the forming structure. This means that at the dynamics of the universe is changed by dark energy but at the scale of structures, such as galaxies and clusters of galaxies the pressure of dark energy is negligible and the energy is conserved. Using the energy conservation for the spherical region with a radius R and a mass M yields:
the potential energy at any times is:
using M = M i , we get:
therefore by using equations (7), (9) and (10) we obtain for the size evolution of the spherical region R in the equation (8): 
CONCLUSIONS
In this paper we have considered a simple model for variable dark energy and examined its relevance for the cosmological structure formation. First we have used the Newtonian linear perturbation theory to see the possible effects of a quintessence model, which is parametrized according to a prescription given by Wetterich (2004) . The crucial parameter of this scheme is a bending parameter b, which changes the behavior of dark energy toward a more dust-like behavior, the more we increase b. Considering a flat, an open and a closed universe and an almost arbitrary initial value of the density contrast δ, we find that the growth of the δ is changed in comparison to the conventional ΛCDM. In agreement with the results of our nonlinear spherical calculations, we find that increasing the bending parameter reduces the rate of growth of structure. The result can be a significant suppression of growth of structure in all open, flat and closed models at the present time, for sufficiently large values of b.
This effect can be explained by the fact that the dominance of the dark energy term occurs earlier with respect to ΛCDM, the larger the parameter b is. Because of the earlier start of the acceleration phase, the rate of the structure formation process is decreased. This finding is also supported by the second part of our calculations, where we numerically solve the equation of the collapse of a spherically symmetric density perturbation.
Next we have considered more exotic models such as Phantom w < −1 and Chaplygin gas
. Applying Newtonian perturbation theory we show that an increase of growth in structure occurs for the phantom model, if we regard larger negative values of w. In the case of Chaplygin gas increasing the parameter A has a similar effect on the growth of the density contrast.
For comparison with observations we have examined the effect of the bending parameter on σ 8 . While the data from the distant supernovae type Ia only loosely constraints b = 2 ± 2, our comparison of the modeled and the observational values of σ 8 suggests a much better bound on b. For the observational value given by the observation of the abundance of galaxy clusters, σ 8 = 0.95 ± 0.1, we obtain b < 0.3 for a flat universe, Ω m = 0.3 , Ω λ = 0.7, at 68% confidence level. We have shown that this bound becomes even more strict for a closed universe, while in the case of a flat universe it becomes slightly less strict.
